Continuous monitoring of the zinc-phosphate acid-base cement setting reaction by proton nuclear magnetic relaxation J. Appl. Phys. 89, 7784 (2001) In this contribution, nuclear magnetic resonance ͑NMR͒ relaxometry results on hardening hydraulically activated blastfurnace slag pastes are presented. The results are found to be very different from the behavior of other hydraulic building materials such as cement and gypsum. A mechanism based on water diffusion in inner field gradients is suggested in order to explain the observed relaxation behavior and corroborated by additional experimental evidence from magnetic susceptibility measurements and NMR relaxation measurements on slag pastes prepared from nonwatery fluids.
INTRODUCTION
Blastfurnace slag is widely used as a constituent for slow-hardening cement mixtures. Slag cements are valued for their good resistance against chloride corrosion and for low water ingress rates in the construction industry. 1 The slag content in such building materials can be up to 80% with the added portland cement serving mainly as a ''hydraulic activator.'' Instead of portland cement, white cement or NaOH can also be used as hydraulic activators. NaOH activation is typically done for laboratory purposes.
The ͑water proton͒ nuclear magnetic resonance ͑NMR͒ relaxation properties of hardening construction materials had been studied by Blinc et al. 2 who performed experiments on hardening portland cement, white cement, and alite (C 3 S) pastes. Since then, many other, and more detailed, studies of hardening portland cement, white cement, and purified clinker phases and some other materials such as gypsum have been published ͑e.g., Ref. 3͒. However, we are not aware of any studies on the NMR relaxation properties of hardening slag cements with high slag content.
In NMR studies of hardening pastes of portland cement and related materials, the NMR relaxation times are found to decrease during the hardening process. Figure 1 presents a typical result of such an experiment. The observed behavior can be readily understood as the result of a decrease in the typical pore size of the material which in turn leads to a stronger influence of surface relaxation processes on the pore water in the hardening cement matrix. While the content of paramagnetic and ferromagnetic substances in the cement leads to strong changes in the absolute values of the relaxation times, the qualitative behavior is found to be very similar for white cements ͑low content of paramagnetic material͒ and for iron-rich portland cements. Our findings on hardening slag cement pastes do not fit into this pattern and thus need another explanation.
EXPERIMENT
Blastfurnace slag samples ground to cement-grade powder ͑about 4000 cm 2 /g͒ were obtained from Alsen Zement ͑Sehnde-Höver, Germany͒ and from Deuna-Zement ͑Deuna, Germany͒ as a gift along with data of an elementary chemical analysis of the samples. For the hydraulic activation of the samples, analytical grade NaOH solutions, commercial white cement obtained from Italcementi and portland cement CEM I 42,5 R ͑obtained from Schwenk, Bernburg͒ were used. The water used in the experiments was ordinary tap water, the organic solvents were all analytical grade. The recipes for the sample pastes are given in Table I . All pastes were produced by weighing the dry powder constituents together in a small plastic container followed by a first mechanical mixing procedure ͑if necessary͒. After that, the volumetrically determined fluid was added to the powder and then again a homogenization by mechanical stirring was performed. The mechanical mixing was done manually by means of a small polyvinylchloride ͑PVC͒ rod and typically took about 2 min.
After the mixing, the pastes were put into sample tubes made from 3 ml disposable polypropylene ͑PP͒ syringes ͑Beckton Dickinson, Meylan, France͒ from which the handles were cut off ͑see Fig. 2͒ . After filling with the paste, the syringes were closed with the piston on the upper end and with a Luer lock ͑LL͒ screw cap on the lower end. This type of sample container was chosen mainly for two reasons: course be that they give proton NMR signals themselves. This was checked experimentally and found to be of no relevance in the transverse relaxation experiments. Obviously, the transverse spin relaxation in the syringe material is so fast that no echo signal can be picked up even for the shortest echo times. ͑In T 1 measurements, a signal from the syringe is recorded. It can be compensated by subtracting the signal of an empty syringe from the NMR data with the filled syringe.͒ NMR relaxometry experiments were performed on a personal computer-controlled MRS6 NMR relaxometer ͑Jozef Stefan Institute, Ljubljana, Slovenia͒ equipped with a 0.5 T permanent magnet ͑corresponding to 22 MHz proton resonance frequency͒ with a usable sample diameter of 11 mm. Transverse relaxation time measurements were performed with a spin echo sequence, T 1 was measured with an inversion-recovery sequence and in addition also a stimulated echo sequence was used for certain experiments. The NMR apparatus is capable of running automated series of the same experiment in order to obtain a time series of the respective parameter over the hardening process.
For samples with pronounced changes in the relaxation time during the hardening process, it was not possible to use an optimized series of echo times for all stages of the hardening process. In order to eliminate problems arising from data points with a low signal/noise ratio, we therefore wrote a semiautomated evaluation program in which an appropriate evaluation window could be defined for each relaxation curve.
In the first step, a gray scale image of all data corresponding to one hardening run was compiled ͓see Fig. 3͑a͔͒ . This image was then used to define an evaluation mask by means of a standard bitmap processing program ͓see Fig.  3͑b͔͒ . Using this mask, the spin echo trains were analyzed by means of linear exponential regression and by nonlinear fitting for stretched exponential and multiexponential decay models. The evaluation program was written in Turbo Pascal ͑Version 6͒. The fitting results were stored in files which can then be read into MICROCAL ORIGIN or MS EXCEL for curve display and further analysis.
RESULTS AND DISCUSSION
In a first survey of the hardening slag cement samples, it was found that the transverse relaxation behavior of the samples was the NMR property with the most pronounced changes during the hardening process. Therefore, this parameter was chosen for the time series experiments on samples with different activation. The results of these experiments are given in Fig. 4 . These data are in sharp contrast to the observations on ordinary portland cement presented in Fig. 1 .
While no obvious clear structure can be found in the relaxation behavior of the portland-cement activated sample, there is a very strong change in the relaxation properties of the samples activated with NaOH and with white cement. Compared with the well-known behavior from hardening cement pastes, the hardening-induced changes of the relaxation time here are exactly opposite: There is a strong increase of FIG. 2. Cement-paste filled sample tube produced from a disposable 3 ml syringe.
FIG. 1. T2 development in two portland cement pastes ͑CEM I 42,5 R, Schwenk, Bernburg͒ prepared with two different water/cement ratios. Note the typical increase of the relaxation rate during the hardening. In the sample with lower water content, the relaxation rates are higher due to the smaller typical pore sizes. A first suggestion to explain this unexpected NMR relaxation behavior was a chemical redistribution or valence change of the iron compounds in the paste. Such an effect was observed by us in experiments on gypsum pastes prepared with solutions of paramagnetic salts. In these experiments, a strong increase of the NMR relaxation times could be observed when paramagnetic ions from the pore fluid were incorporated into the gypsum matrix. This happens, for example, with copper salts in a hardening gypsum paste. Co ions, on the other hand, are not taken up into the gypsum matrix and thus the relaxation time in the hardening paste develops in the same way as it does for native hardening gypsum, too ͑see Fig. 5͒ .
However, there are several experimental facts which cannot be sufficiently explained by this mechanism:
͑1͒ It should take some time until the iron concentration in the pore solution has reached its maximum value. Therefore there should be an initial decrease in the relaxation time in this case.
͑2͒ There should be a pronounced change in the magnetic susceptibility of the hardening paste. Various susceptibility measurements on hardening slag cement pastes with NaOH activation showed that there were only minor changes in the susceptibility or in the magnetic hysteresis loop of the samples during hardening ͑see Fig. 6͒ .
͑3͒ A careful analysis of the shape of the magnetization decay curves for fresh slag pastes and for pastes prepared from pure slag powder and various inert fluids indicates that the transverse magnetization decay in the early hardening stages is not due to paramagnetic solutes in the pore fluid but rather due to diffusive signal attenuation in internal magnetic field gradients within the sample. This shall be discussed in more detail in the following paragraphs.
As already mentioned in the last section, the transversal magnetization decay curves of the hardening slag cements were not only analyzed by means of a single exponential curve but also by a stretched exponential M (t)ϭAexp(Ϫbt ␣ ). The resulting ␣ values from such a fit are given in Fig. 7 : They start to decrease along with the increase in the relaxation time. The correlation values obtained in these fits are excellent and never below 0.998.
For 0Ͻ␣Ͻ1, a stretched exponential curve corresponds to a certain distribution of relaxation times which can be explicitly computed as the inverse Laplace transform of the stretched exponential. In practice, it is often possible even by a biexponential curve to obtain a sufficiently good correspondence with a stretched exponential ͑see Fig. 8͒ .
For ␣Ͼ1 the situation is different: this curve cannot be synthesized from a distribution of exponential decays with positive relaxation times. However, it is possible to obtain a very good correspondence between such a stretched exponential and a curve of the form
which corresponds to the magnetization decay under the simultaneous action of relaxation and diffusive attenuation in a constant magnetic field gradient. Our discussion of a diffusion effect dominating the short-time behavior of the NMR signal decay and exponential relaxation at longer times might be somewhat surprising: The usual experience in NMR relaxometry is that diffusion effects are responsible for deviations from exponential behavior at long echo times. However, this is true only if the magnetic field gradient is extended over a distance bigger than the diffusive displacement. In the given case of internal magnetic field gradients in a fine powder, this condition is not fulfilled any more for sufficiently long diffusion times. Therefore the t 3 relationship is only valid for short diffusion times while for longer diffusion times the influence of the spatially varying gradients experienced by the diffusing molecules is motionally averaged into an exponential signal decay. 5 The diffusive nature of the signal attenuation in fresh slag pastes is additionally corroborated by experiments on pastes prepared from slag powder and different inert fluids in the same way as the watery pastes. In Fig. 9 , the transversal magnetization decays for pastes from various fluids are depicted. While the polarity properties of the fluids seem to have no notable effect on the speed of the magnetization decay, the diffusion coefficient of the liquids obviously is crucial: the curves for higher alcohols, PDMS 3900 ͑poly-dimethylsiloxane with a molecular weight of 3900D͒, glycerol, and PDMS 17K ͑polydimethylsiloxane with a molecular weight of 17 000D͒ qualitatively scale very well with the diffusion coefficient. A quantitative correlation is more difficult as different surface interactions can be expected to be relevant for the effective diffusion coefficient of the various liquids within the matrix.
A further proof for the diffusion-dominated nature of the magnetization decay in fresh slag cement pastes can be found from stimulated echo experiments ͑see Fig. 10͒ . While for a hardened slag cement paste, the decay of the stimulated echo as a function of 2 corresponds quite well to the T 1 time determined in an inversion-recovery experiment, the decay constant in the fresh paste is much bigger than the corresponding T 1 relaxation time, which was found to be 11.5 ms for both the fresh and the hardened paste.
As any big change in the nature of the internal magnetic field gradients during the hardening process of the slag cement can be considered quite unlikely on the basis of the magnetic susceptibility data, the long relaxation times at later FIG. 7 . ␣ values from a stretched exponential analysis of the NaOHactivated slag cement sample of Fig. 4 . Note the strong decrease of ␣ happening at the time when the strong increase of the relaxation time is also observed.
FIG. 8. Initial development of stretched exponential curves with different exponents. The behavior of the curve for ␣ϭ1.2 corresponds nicely to a single exponential with a diffusion term, while the curve for ␣ϭ0.72 can be roughly fitted with a biexponential curve. For long time intervals, the correspondence of the curves is of course diverging. However, this is no problem as the time window of interest for the evaluation of relaxometry data is limited due to signal/noise effects. FIG. 9. Echo decay curves for fresh slag pastes prepared with various liquids. While the polarity properties of the liquids do not seem to influence the decay very much, there is a clear tendency to longer decay times with decreasing diffusion coefficient. The slowly decaying part of the echo amplitudes observed in the pastes with highly mobile liquid is due to some liquid in macropores within the paste.
hardening stages can be most plausibly understood as the result of impeded diffusion: Due to the gel structure that is formed in the hardening paste, the water molecules cannot sample the magnetic field gradients any more. The ␣ values Ͻ1 at the later hardening stages furthermore indicate that the gel properties are not fully homogeneous over the paste. Actually measuring the water diffusion coefficients within the hardening pastes by means of pulsed-filed-gradient NMR or fringe field methods is made very difficult by the strong internal gradients in the paste so that such experiments could not be successfully carried out up to now.
CONCLUSION
In this contribution, NMR relaxometry experiments on hardening blastfurnace slag cement pastes were presented.
The transverse relaxation behavior of these pastes was found to be very different from previously published data on hardening cement pastes. This surprising finding could be explained as an effect of diffusion in internal magnetic field gradients within the sample which is impeded by the cement gel structure at later hardening stages. FIG. 10 . Stimulated echo experiments on a fresh and a hardened NaOHactivated slag cement sample. While the hardened sample exhibits more or less exponential echo decays with a time constant of about 11 ms for all echo times, the echo decay in the fresh sample is highly nonexponential in the beginning and the decay constants at later evolution times are 2.5 ms for 70 s echo time and 2.1 ms for the 200 s echo time experiment. For 500 s echo time, the signal of the fresh sample was too poor for a meaningful measurement.
